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1 MEDICAL IMPLANTS 

FIELD OF THE INVENTION 

The present invention relates to medical implants made of bulk-solidifying amorphous 
5 alloys and methods of making such implants. 

BACKGROUND OF THE INVENTION 

A medical implant is any implant that embeds or attaches as a mechanical device or 
part in the tissues or organs of the body to achieve or enhance one or more biological 
functionality. In some cases such mechanical devices or parts may completely replace the 
function of the relevant body parts, such as tissues or organs, and more specifically, the 
bones, joints, ligaments, and muscles. 

One universal requirement of implants, wherever they are used in the body, is the 
ability to form a suitably stable mechanical connection with neighboring hard or soft tissues. 
An unstable implant may function less efficiently, or cease functioning completely, which 
may induce excessive tissue response. In addition, it has been recognized that all implants 
should achieve a biological functionality, that is, the implant must meet several requirements 
20 for compatibility such as biological, mechanical, and morphological compatibility. 

Depending on the primary function of the medical implant, the implant itself can take 
several forms. For example, in one form implants act as a load-bearing member instead, or in 
conjunction with, natural load-bearing members of the body such as bone. In such cases, a 

25 high strength material with an elastic modulus close to that of the bone which the implant is 
replacing or attaching to has been sought. In another form implants can be the whole or a part 
of articulating joints, such as a hip-joint. In such cases, materials with high wear and fretting 
resistance is desired. In still other forms implants can be cheek-bones, tooth implants, skull 

^ plates, fracture plates, intra-medullary rods, bone screws, etc. 

Generally, the materials chosen for medical implants have been adapted for the use 
from materials developed for applications other than medical implants. As a result, such 
materials have not been always satisfactory. Moreover, the manufacturing of medical 
^ implants has also been a major issue as the fabrication of intricate shapes and surface 
finishing has either limited the desired functionality of such implants or increased the cost of 
making such implants substantially. 
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Accordingly, a new class of materials is needed to address the material and 
manufacturing deficiencies of current materials as well as to provide options and tailorable 
properties for the various demands of medical implants. 

SUMMARY OF THE INVENTION 

The current invention is directed to a medical implant made of bulk-solidifying 
amorphous alloys and methods of making such medical implants, wherein the medical 
implants are biologically, mechanically, and morphologically compatible with the 
surrounding implanted region of the body. 

In one embodiment of the invention, the medical implant is made of a bulk-solidifying 
amorphous alloy. In one preferred embodiment of the invention, the medical implant is made 
of Zr/Ti base bulk-solidifying amorphous alloy with in-situ ductile crystalline precipitates. 
In another preferred embodiment of the invention, the medical implant has biological, 
mechanical and morphological compatibility; and is made of Zr/Ti base bulk-solidifying 
amorphous alloy with in-situ bcc crystalline precipitates of the base-metal. In another 
preferred embodiment of the invention, the medical implant is made of Zr/Ti base bulk- 
solidifying amorphous alloy with no Nickel. In still another preferred embodiment of the 
invention, the medical implant is made of Zr/Ti base bulk-solidifying amorphous alloy with 
no Aluminum. In yet another preferred embodiment of the invention, the medical implant is 
made of Zr/Ti base bulk-solidifying amorphous alloy with no Beryllium. 

In one preferred embodiment of the invention, a medical implant has biological, 
mechanical and morphological compatibility; and is made of Zr/Ti based bulk-solidifying 
amorphous alloy. In another preferred embodiment of the invention, a medical implant has 
biological, mechanical and morphological compatibility; and is made of Zr-based bulk- 
solidifying amorphous alloy. 

In another embodiment of the invention, the medical implant comprises a portion 
made at least in part of an implantation material other than bone. 

In still another embodiment of the invention, the bulk solidifying amorphous alloy 
component of the medical implant is coated with a biocompatible polymethyl methacrylate 
resin cement, which is reinforced with selected oxides including alumina, magnesia, zirconia, 
or a combination of these oxides along with an application of a small amount of a metal 
primer agent. 
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In yet another embodiment of the invention, the medical implant functions as a load- 
bearing member. 

In still yet another embodiment of the invention, the medical implant functions as at 
least a portion of an articulating joint. In such an embodiment, the medical implant may 
comprise an articulating bearing surface of the joint. 

In still yet another embodiment the invention is directed to a method of forming a 
medical implant. In one such embodiment, a molten piece of bulk-solidifying amorphous 
alloy is cast into near-to-net shape component for a medical implant. In another preferred 
embodiment of the invention, a feedstock of bulk-solidifying amorphous alloy is heated to 
around the glass transition temperature and formed into a near-to-net shape component for a 
medical implant. 

In still yet another embodiment of the invention, the surface of the medical implant is 
modified by chemical treatment. In such an embodiment, the chemical treatment may use a 
mixed aqueous solution of hydrofluoric acid or nitric acid or sodium hydroxide, or a thermal 
treatment under in-air oxidation, or a combination of aforementioned treatments. 

In still yet another embodiment of the invention, the surface topography of the 
medical implant has pores with a diameter between about 10 to 500 Dm, preferably between 
about 100 to 500 Dm, and most preferably between about 100 to 200 Dm. 

In still yet another embodiment of the invention, the surface topography of the 
medical implant has an average roughness of between 1 to 50 Dm. 

In still yet another embodiment of the invention, the surface topography of the 
medical implant has a concave texture, convex texture or both. 

In still yet another embodiment, the invention is directed to a method of fabricating a 
medical implant of a bulk-solidifying amorphous alloys. 

In still yet another embodiment, the invention is directed to a method of duplicating 
desired morphological features onto the surface of the medical implant. 



WO 2004/016197 



PCT/US2003/026060 



BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the present invention will be better 
understood by reference to the following detailed description when considered in conjunction 
with the accompanying drawing wherein: 

Figure 1 shows a flow-chart an exemplary embodiment of a method of reproducing 
surface morphological features on a medical implant according to the current invention; 

Figure 2 shows a flow-chart another exemplary embodiment of a method of 
reproducing surface morphological features on a medical implant according to the current 
invention; 

Figure 3 shows a flow-chart an exemplary embodiment of a method of producing a 
medical implant according to the current invention; and 

Figure 4 shows a flow-chart another exemplary embodiment of a method of producing 
a medical implant according to the current invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The current invention is directed to medical implants made of bulk-solidifying 
amorphous alloys capable of providing biological, mechanical, and morphological 
compatibility, and methods of making such medical implants. 

Bulk solidifying amorphous alloys are a recently discovered family of amoiphous 
alloys, which can be cooled at substantially lower cooling rates, of about 500 K/sec or less, 
and substantially retain their amorphous atomic structure. As such, these materials can be 
produced in thickness of 1.0 mm or more, substantially thicker than conventional amorphous 
alloys of typically 0.020 mm which require cooling rates of 10 5 K/sec or more. Exemplary 
alloy materials are described in U.S. Patent Nos. 5,288,344; 5,368,659; 5,618,359; and 
5,735,975 (the disclosures of which are incorporated in their entirety herein by reference). 

One exemplary family of bulk solidifying amoiphous alloys can be described as 
(Zr,Ti) a (Ni,Cu, Fe) b (Be,Al,Si,B) c , where a is in the range of from 30 to 75, b is in the range of 
from 5 to 60, and c in the range of from 0 to 50 in atomic percentages. Furthermore, those 
alloys can accommodate substantial amounts of other transition metals up to 20 % atomic, 
and more preferably metals such as Nb, Cr, V, Co. A preferable alloy family is 
(Zr,Ti) a (Ni,Cu) b (Be) c , where a is in the range of from 40 to 75, b is in the range of from 5 to 
50, and c in the range of from 5 to 50 in atomic percentages. Still, a more preferable 
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composition is (Zr,Ti) a (Ni,Cu) b (Be) c , where a is in the range of from 45 to 65, b is in the 
range of from 7.5 to 35, and c in the range of from 10 to 37.5 in atomic percentages. Another 
preferable alloy family is (Zr) a (Nb,Ti) b (Ni,Cu) c (Al) d , where a is in the range of from 45 to 
65, b is in the range of from 0 to 10, c is in the range of from 20 to 40 and d in the range of 
from 7.5 to 15 in atomic percentages. These bulk-solidifying amorphous alloys can sustain 
strains up to 1.5 % or more and generally around 1.8 % without any permanent deformation 
or breakage. Further, they have high fracture toughness of 10 ksi-sqrt(in) (sqrt : square root) 
or more, and preferably 20 ksi sqrt(in) or more. Also, they have high hardness values of 4 
GPa or more, and preferably 5.5 GPa or more. The yield strength of bulk solidifying alloys 
range from 1.6 GPa and reach up to 2 GPa and more exceeding the current state of the 
Titanium alloys. Further, Zr-base bulk-solidifying amorphous alloys have a generally lower 
modulus of elasticity than Ti-base bulk-solidifying amorphous alloys, and have more robust 
processibility characteristics, which allows a better casting of the desired micro-structured 
surface features. 

Another set of bulk-solidifying amorphous alloys are ferrous metals (Fe, Ni, Co) 
based compositions. Examples of such compositions are disclosed in U.S. Patent No. 
6,325,868; (A. Inoue et. al., Appl. Phys. Lett., Volume 71, p 464 (1997)); (Shen et. ah, Mater. 
Trans., JIM, Volume 42, p 2136 (2001)); and Japanese patent application 2000126277 (Publ. 
# .2001303218 A), all of which are incorporated herein by reference. One exemplary 
composition of such alloys is Fe 7 2Al 5 Ga2PiiC 6 B4. Another exemplary composition of such 
alloys is Fe 7 2Al 7 ZrioMo5W2Bi5. Although, these alloy compositions are not processable to the 
degree of the above-cited Zr-base alloy systems, they can still be processed in thicknesses 
around 1.0 mm or more, sufficient enough to be utilized in the current invention. Similarly, 
these materials have elastic strain limits higher than 1.2% and generally around 1.8 %. The 
yield strength of these ferrous-based bulk-solidifying amorphous alloys is also higher than the 
Zr-based alloys, ranging from 2.5 GPa to 4 GPa, or more. Ferrous metal-base bulk 
amorphous alloys also very high yield hardness ranging from 7.5 GPA to 12 GPa. 

In general, crystalline precipitates in bulk amorphous alloys are highly detrimental to 
the properties of bulk-solidifying amorphous alloys, especially to the toughness and strength 
of these materials, and, as such, such precipitates are generally kept to as small a volume 
fraction as possible. However, there are cases in which, ductile crystalline phases precipitate 
in-situ during the processing of bulk amorphous alloys, are indeed beneficial to the properties 
of bulk amorphous alloys, and especially to the toughness and ductility of the materials. Such 
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bulk amorphous alloys comprising such beneficial precipitates are also included in the current 
invention. An exemplary composition of such alloy is Zr56.2Tii3.8Nb5.oCu 6 .9Ni 5 .6Bei25 in 
atomic percentages. This alloy has a low elastic modulus of from 70 GPa to 80 GPa 
depending on the specific microstructure of ductile-crystalline precipitates. Further, the 
elastic strain limit is 1.8% or more and the yield strength is 1.4 GPa and more. 

Although a number of bulk solidifying amorphous alloy compositions are described 
above, the alloy can also be preferably selected to be free of Ni or Al or Be in order to 
address high sensitivity or allergy of specific population groups to such metals. 

Applicants have discovered that bulk-solidifying amorphous alloys have general 
characteristics, which are particularly useful in medical implants. These characteristics, as 
will be shown below, make bulk-solidifying amorphous alloys uniquely suited as a class of 
materials for use in medical implants. 

First, bulk-solidifying amorphous alloys have an elastic modulus that is typically 15 
to 25 % lower than the conventional alloys of its constituent elements. This decreased elastic 
modulus is the direct result of the amorphous atomic structure of the alloys, which lacks long- 
range atomic order as in the case of conventional crystalline metals. For example, a titanium 
base crystalline alloy (such as Ti-6-4, which is commonly used in medical implants) has an 
elastic modulus typically around 120 GPa, whereas Ti-base amorphous alloys have an elastic 
modulus around or below 100 GPa. This decreased elastic modulus is particularly desirable 
because bone has an elastic modulus of about 20 GPa or less, and implant materials with an 
elastic modulus closer to the elastic modulus of bone have better biological functionality, 
especially when the implant is used as a load-bearing member. Specifically, the better the 
match between the elastic modulus of the implant material and the elastic modulus of the 
replacement bone, the better the implant will integrate with the surrounding or associated 
bone, and function in a more coherent manner, thereby allowing the surrounding or 
associated bones to absorb a fair share of the stress loading. However, where materials with 
relatively high elastic modulus are used, the surrounding or associated bones will take less of 
the loading, and as a result will not be able to function in their normal manner, and ultimately 
may cause bone-thinning or failure of the implant. 

Secondly, bulk-solidifying amorphous alloys typically have yield strengths of at least 
50 % higher than conventional alloys of made of similar constituent elements. For example, 
a titanium base crystalline alloy (such as Ti-6-4, which is commonly used in medical 



WO 2004/016197 



PCI7US2003/026060 



implants) has a yield strength typically around 850 MPa, whereas Ti-base amorphous alloys 
have a yield strength around 1900 MPa. The combination of such low modulus and high yield 
strength makes it possible to manufacture a durable and strong load-bearing medical implant 
with high mechanical functionality. 

Further, bulk solidifying amorphous alloys have a very high elastic strain limit, which 
characterizes a material's ability to sustain strains without permanent deformation. 
Typically bulk-solidifying amorphous alloys have elastic strain limits of around 1.8 % or 
higher. The elastic strain limit is another important characteristic of materials for use in 
medical implants, and one that is of particular importance for implant members subject to any 
mechanical loading. However, conventional implant materials generally have very poor 
elastic strain limit properties. For example, conventional metals and alloys used as implant 
materials have elastic strain limit below 0.9 %, which indicates that these materials are not 
able to sustain very large global and local loading without some minimal or even permanent 
deformation of the implant material. A high elastic strain limit also helps to maintain the 
surface morphology of the implant and, as such, precludes excessive tissue response. In the 
case of conventional metals and alloys with very low elastic strain limits, the use of larger 
and much more rigid implants is generally needed to sustain both loading on global and local 
loading as well as to maintain the integrity of the implant's surface morphology. However, 
larger implants and rigid implant structures are highly undesirable because of the increased 
operational and surgical complications from implementing larger implant structures as well 
as "bone thinning" in the associated bones. 

Another important requirement for an implant material is to have a suitable surface 
morphology. For example, in a scientific article published by Oshida ("Fractal Dimension 
Analysis Of Mandibular Bones: Toward A Morphological Compatibility Of Implants" in Bio- 
Medical Materials and Engineering, 1994, 4:397-407), the disclosure of which is incorporated 
herein by reference, it was found that surface morphology of successful implants has upper 
and lower limitations in average roughness (1-50 jim) and average particle size (10-500 
^im), regardless of the type of implant material (metallic, ceramics, or polymeric materials) 
used. For example, it has been shown that if an implant material has a particle size smaller 
than 10 |am, the surface of the implant will be more toxic to fibroblastic cells and have an 
adverse influence on cells due to their physical presence independent of any chemical toxic 
effects. Likewise, if the pore size of the implant material is larger than 500 Jim, the surface 
does not exhibit sufficient structural integrity because it is too coarse. Therefore, 
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morphological compatibility is an important factor in implant design, and is now well 
accepted in the field of implants. 

Unfortunately due to the small dimensions of acceptable morphological features, 
desired surface morphology cannot be readily produced onto current implant materials. 
Instead, mechanical and chemical methods, such as shot peening and acid etching, are used to 
fabricate surface morphology onto the implant material after the shaping and fabrication of 
the actual implant body. Because of the statistical nature of these conventional only surface 
morphologies with relatively crude and random features and lacking consistency and 
precision both in the shape and the distribution of desired surface features have been 
produced. Indeed, the production of suitable surface morphologies can be said to be the result 
of statistical accidents rather than by design. 

Applicants have found that it is possible to form micro-structured surface 
morphologies by design using bulk-solidifying amorphous alloys. The unique amorphous 
atomic microstructure of these materials responds uniformly to the forming operations of 
micron and sub-micron scale making it possible to form features within the desirable 
morphological ranges. This is in distinct contrast to conventional metals and alloys, where the 
microstructure of the material is characterized by crystallites (individual grains typically with 
dimensions of few to several hundreds microns) each of which has different crystallographic 
orientation and, as such, responds non-uniformly to shaping and forming operations. 

The micro-structured surface morphology according to the current invention can be 
produced in two alternative ways. In a first exemplary method, as outlined in Figure 1, the 
surface morphology can be simultaneously formed during the fabrication of implant 
components by casting methods. In such an embodiment the mold surfaces used in the 
casting operation can be pre-configured to have the negative impression of the desired 
surface microstructure so that the bulk-solidifying amorphous alloy replicates such features 
upon casting. The relatively low melting temperature of bulk-solidifying amorphous alloys 
and the lack of any first-order phase transformation during the solidification readily enables 
the replication of micron sized mold features during the casting of the implant components. 
The solidification shrinkage is then dominated by the coefficient of thermal expansion rather 
than the volume difference between the solid and liquid state of the casting alloy. 
Accordingly, bulk amorphous alloys with low coefficients of thermal expansion (at 
temperatures from ambient to glass transition) are preferred. For example, Zr-base bulk 
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solidifying amorphous alloys generally have a coefficient of thermal expansion of around 10- 
5 (m/m °C) providing low shrinkage rates. Such a process is highly desirable as several steps 
of post-finishing and surface preparation operations can be reduced or eliminated. 

In an alternative exemplary method, as outlined in Figure 2, a pre-fabricated implant 
component made of bulk-solidifying amorphous alloy is subjected to a surface micro- 
structuring process at around the glass transition temperature of the bulk-solidifying 
amorphous alloy material. In such an embodiment, the fabricated implant component is 
heated to around the glass transition temperature and pressed against a mold having the 
negative impression of the desired surface microstructure. Alternatively, a mold heated 
around about the glass transition temperature of the amorphous alloy can be brought into 
contact with the fabricated implant component to make a surface impression and form the 
micro-structured surface features. As the bulk solidifying amorphous alloy will readily 
transition into a viscous liquid regime upon heating, the replication of the desired surface 
morphology can readily take place. In this embodiment of the method, bulk-solidifying 
amorphous alloys with a large ATsc (supercooled liquid region) are preferred. For example, 
bulk-solidifying amorphous alloys with a ATsc of more than 60 °C, and still more preferably 
a ATsc of 90 °C and more are desired for their ability to reproduce high-definition surface 
micro-structuring. One exemplary embodiment of an alloy having a ATsc of more than 90 °C 
is Zr 4 7Ti8Nii 0 Cu73Be27^. ATsc is defined as the difference between Tx (the onset temperature 
of crystallization) and Tsc (the onset temperature of super-cooled liquid region). These values 
can be conveniently determined by using standard calorimetric techniques such as by DSC 
measurements at 20 °C/min. 

Regardless of the method utilized, the surface micro-structure can take several forms 
depending on the specific application. For example, in one embodiment, the surface 
microstructure can have relatively minute features (such as with typical dimensions of around 
10 microns). In another embodiment, the surface feature can have gross features (such as with 
typical dimensions of around 100 microns or more). In this latter case, the surface can be 
subjected to other surface treatments, such as chemical treatment to further improve the 
surface morphology. It should further be understood that, the bulk-solidifying amorphous 
alloys may be processed to produce consistent and precise surface microstructures of both 
currently known and used morphologies, and also novel surface morphologies unavailable in 
current medical implant materials. 
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The composition of bulk-solidifying amorphous alloys can be selected to address 
specific needs for various implants. For example, Zr/Ti base bulk-solidifying amorphous 
alloys are preferred for improved corrosion resistance and bio-compatibility. Zr-base bulk- 
solidifying amorphous alloys are especially preferred for still lower elastic modulus. 

This invention is also directed to methods of fabricating medical implants of bulk- 
solidifying amorphous alloys. In a first exemplary embodiment, as outlined in Figure 3, the 
medical implants may be fabricated by a casting process as described in the following. A 
feedstock of bulk-solidifying amorphous alloy (Step 1) is provided, which does not 
necessarily have any amorphous phase. The feedstock is then heated above the melting 
temperature (Step 2) of the bulk-solidifying amorphous alloy and the molten alloy is then 
introduced into a suitable mold (Step 3) having the shape of the desired medical implant. The 
molten alloy can be introduced into the mold by various means such as by injection of gas or 
piston pressure, by vacuum suction, and vacuum assisted counter gravity casting. The molten 
alloy is then quenched (Step 4) at cooling rates sufficient to form a substantially amorphous 
phase having an elastic strain limit of 1.5% or higher. The mold surface can have the negative 
impressions of the desired morphology as described above. This process allows the 
production of high-strength medical implant components with near-net- shape tolerances to 
the actual component, and, as such, substantial cost savings can be achieved by reducing the 
post-casting process (Step 5) and achieving closer tolerances to the actual component. The 
provided bulk solidifying amorphous alloy is such that, it has a critical cooling rate of less 
than 1,000 °C/sec, so that section thicknesses greater than 0.5 mm can be readily cast into an 
amorphous structure during the fabrication of a dental prosthesis. However, more preferably, 
the critical cooling rate is less than 100 °C/sec and most preferably less than 10 °C/sec. In 
one preferred embodiment of the invention, the dental prosthesis is cast by providing a bulk- 
solidifying amorphous alloy having a coefficient of thermal expansion of less than about 10*5 
(m/m °C), and a glass transition temperature of less than 400 °C, and preferably less than 300 
°C, in order to achieve a high level of replication of prosthesis mold features after casting. 

Li an alternative method, as outlined in Figure 4, a substantially amorphous feedstock 
of a bulk-solidifying amorphous alloy is provided (Step 1). The feedstock is then heated 
around the glass temperature of the bulk-solidifying amorphous alloy to reach the viscous- 
fluid regime (Step 2). The viscous alloy is then forced against or onto a suitable mold (Step 3) 
having the shape of the desired medical implant. When the desired implant shape is formed, 
the viscous alloy is then quenched (Step 4) to retain the substantially amorphous phase 
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having an elastic strain limit of 1.5% or higher. The mold surface can have the negative 
impressions of the desired morphology as described above. Again, this process also allows 
producing high-strength medical implant components with near-net-shape tolerances to the 
actual component, and, as such, substantial cost savings can be achieved by reducing the 
post-casting process (Step 5) and achieving closer tolerances to the actual component. In this 
embodiment of the method, bulk-solidifying amorphous alloys with a large ATsc 
(supercooled liquid region) are preferred. Again, for example, bulk-solidifying amorphous 
alloys with a ATsc of more than 60 °C, and still more preferably a ATsc of 90 °C and more 
are desired because they possess the desired mechanical properties, such as high-elastic strain 
limit, and because of the ease of fabricating these materials. 

Furthermore, permanent molds, such as metallic dies, can be employed in the above 
mentioned processes of fabricating implant components and surface micro-structuring 
processes. Such use of permanent molds in the fabrication of high strength implant 
components is unique to bulk-solidifying amorphous alloys. Generally, such permanent mold 
processes with high-strength conventional materials are not suitable for the fabrication of 
implant components, as various issues such as severe reaction with mold, casting defects, 
micro-structural uniformity, and proper mold fill can not be satisfactorily addressed. 
Accordingly, the use of permanent mold provides distinct advantages to bulk-solidifying 
amorphous in the use and method of fabrication for medical implants, as higher through-put, 
better consistency, both in general dimensions and surface morphology, and lower fabrication 
costs can be achieved. 

Although specific embodiments are disclosed herein, it is expected that persons 
skilled in the art can and will design medical implants and methods of making such devices 
that are within the scope of the following description either literally or under the Doctrine of 
Equivalents. 
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